Form Approved

REPORT DOCUMENTATION PAGE OMB NO. 0704-0188

Public Reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering
and maintaining the data needed, and completing and reviewing the collection of information. Send comment regarding this burden estimates or any other aspect of this collection of
information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for information Operations and Reports, 1215 Jefferson Davis Highway, Suite
1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188 ) Washington, DC 20503.

1. AGENCY USE ONLY ( Leave Blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
01/07/02 Final Technical Report
10/1/99 - 9/30/01
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
*Plasma-Enhanced Combustion for Reduction of Rocket Plume Soot" N00014-00-1-0098

6. AUTHOR(S)
Martin A. Gundersen

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES 8. PERFORMING ORGANIZATION
University of Southern California . REPORT NUMBER
Dept. of EE-EP, MC 0271, Los Angeles, CA 90089
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

Defense Technical Information Center
8725 John J Kingman Road STE 0944
Fort Belvoir, VA 22060-6218

11. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not be construed as an official

Department of the Army position, policy or decision, unless so designated by other documentation.

12 a. DISTRIBUTION / AVAILABILITY STATEMENT 12 b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited.

13. ABSTRACT (Maximum 200 words)

Please see attached.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Plasma-Enhanced Combustion for Reduction of Rocket Plume Soot

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OR REPORT ON THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-280-5500 Standard Form 298 (Rev.2-89)

Prescribed by ANSI Std. 239-18
298-102

20020114 106




MASTER COPY: PLEASE KEEP THIS "MEMORANDUM OF TRANSMITTAL" BLANK FOR REPRODUCTION PURPOSES. WHEN
REPORTS ARE GENERATED UNDER THE ARO SPONSORSHIP, FORWARD A COMPLETED COPY OF THIS FORM WITH EACH
REPORT SHIPMENT TO THE ARO. THIS WILL ASSURE PROPER IDENTIFICATION. NOT TO BE USED FOR INTERIM
PROGRESS REPORTS; SEE PAGE 2 FOR INTERIM PROGRESS REPORT INSTRUCTIONS.

MEMORANDUM OF TRANSMITTAL

Defense Technical Information Center
8725 John J Kingman Road STE 0944
Fort Belvoir, VA 22060-6218

] Reprint (Orig + 2 copies) [] Technical Report (Orig + 2 copies)
] Manuscript (1 copy) Final Progress Report Orig

[] Related Materials, Abstracts, Theses (1 copy)

CONTRACT/GRANT NUMBER: N00014-00-1-0098

REPORT TITLE: "Plasma-Enhanced Combustion for Reduction of Rocket Plume Soot"

is forwarded for your information.

SUBMITTED FOR PUBLICATION TO (applicable only if report is manuscript):

Sincerely,

e = _

Martin A. Gundersen
Principal Investigator




PLASMA-ENHANCED COMBUSTION FOR REDUCTION
OF ROCKET PLUME SOOT

FINAL PROGRESS REPORT

MARTIN A. GUNDERSEN P.I

DECEMBER 2001

OFFICE OF NAVAL RESEARCH

GRANT NO: N00014-00-1-0098

APPROVED FOR PUBLIC RELEASE;

DISTRIBUTION UNLIMITED




P.L - Martin A. Gundersen ; Period 10/1/99-09/30/01
ONR Grant No. - N00014-00-1-0098

Grant Title/Number: "Plasma-Enhanced Combustion for Reduction of Rocket Plume Soot"
Grant # N00014-94-1-0098

Principal Investigator: Martin A. Gundersen

Organization: University of Southern California
Dept. of EE/EP/PHE-604
Los Angles, Ca. 90089-0271

Phone/Fax Number: (213) 740-4396 / (213) 740-8677

Email Address: mag@usc.edu

Major Accomplishments:

We have demonstrated the application of transient plasmas for remediation of emissions
both during and post-combustion. The project encompasses underlying physics and chemistry,
plasma device and power conditioning engineering, and problems related to fabrication of
practical devices. The major accomplishments include demonstration of an energy efficient
approach, which is now being used for many plasma remediation applications, development of
the knowledge of the underlying science including the role of transient plasmas, development of
diagnostic methods including laser induced fluorescence, and identification and new data on a
solid state approach to pulse generation.

The application of laser induced flourescenceis to the measurement of NO and NO,
densities in atmospheric pressure flows, the 'bad characters' in diesel emission, to develop data
for incorporation into microscopic models of the plasma processes. The data is still being
developed and interpreted, but indicates that the most effective results (NO conversion) occur
associated with the formation of streamers, localized near the streamer site. A paper describing
this work is listed below.

We are also developing modulators to match the discharge/reactor impedance, a
complicated function, because the plasma is varying in time, and the impedance is also changing.
This power conditioning requires that a specific design be fabricated to match specific pulse
conditions. Factors include the limitations of present day switches, and certain other
components. Further, we are working on the development of necessary pulse generators. The
pulse generators for the regime required are normally thyratron-based, a constraint that arises
because the combination of voltage (typ. 30kV), current (=50-1000A), and pulse rise time
(=25nsec) has not been achieved with solid state. We are seeking to develop a solid state version
of the pulsed power generator required for this work. Such a generator was completed as a
prototype using an "adder" approach. The pulse generator is also being successfully used for an
application to microwave generation under study by a collaborative group at USC and UCLA
(another program under Prof. T. Katsouleas). We are now working on the next version, to
improve the rise times, power handling capability, and address fabrication issues. We have also
tested several reactors, and a range of the parameter space that affects this approach. We found
best results with a corona reactor, tested with a diesel engine connected to a generator (used as a
load). Details are provided in two technical publications (Appl. Phys. Lett. 71 (23), 3364 (1997)
and Proceedings of the 1998 SAE International Fall Fuels and Lubricants Meeting, San
Francisco, CA, October 19-22, 1998).

The project has formed the basis for further work carried on since the ONR period of
performance, and was essential in initiating this. New research for which the project provided a
foundation includes development of approaches for reducing delay to ignition for various fuels
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including methane and ethane, using a transient plasma for ignition. The results to-date include
observation of a reduction in ignition time by typically a factor of 3, for the various fuels, and for
varying equivalence ratios at atmospheric pressure. This work is currently underway, and will
reported in the near future.

ONR Contracts/Grants:
U.S. Office of Naval Research Grant # N00014-00-1-0098 - "Plasma-Enhanced Combustion for
Reduction of Rocket Plume Soot"
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Caption: Left: Shown above are LIF images of NO before (figure 1b) and 10 ms after (figure Ic) a pulsed negative
corona discharge in 25 ppm NO seeded air. Figure la is the difference between the two images. The gray regions
indicate the electrode location. Gas flows in from the left-hand side, while the laser propagates from the right-hand
side. The inset on figure 1a is a plot of the calculated reduced DC electric field as a function of position in the gap
for the centerline of the electrodes. Right: Graph illustrating the effect of 'short pulses’. The upper graph shows
that electrons (green line) with energies above a few eV will be much more efficient in overlapping with relevant
cross sections. The lower figure shows the electron distribution associated with an equilibrated plasma, and the non-
overlapping character (the average energy is too low). The point of the graph is that during the initial transient
phase there will be electrons with higher energies, and hence much more efficient for ionization and dissociation.

The solid state pulse generator work described in above is important for the DOD. This
work is attempting to replace thyratron-based pulse generators with solid state-based systems —
leading to smaller volumes and lighter weight. The work is important for applications including
radar, lasers, microwaves, and commercial as well as DOD pollution abatement, where
miniaturization, low cost, and robust operation is both desirable and enabling. These
accomplishments make possible a cost effective, energy efficient approach, previously thought
unattainable.

We have worked with a major diesel company to arrange initial testing. We have been in
contact with, and have been contacted by, major electronics, automobile and catalyst companies.
Some of them are Hughes, Raytheon, Engelhard, Ford Motor Company, Detroit Diesel
Corporation, Siemens. A large number of other contacts have occurred with industry. At
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present, industry is scrutinizing this approach closely — with activity in Europe, Asia, South
America and North America.

This research has also been cited in the following scientific publications and popular
media:
“Death Rays to Zap Diesel Pollution?” -- Business Week, July 1, 1996.
“Pulsed Power Cleans Diesel Exhaust” -- Inside R&D, July 1996.
“‘Star Wars’ vs Smog” — Los Angeles Times, June 19, 1997.
“High-Tech Help for Dirty Diesels” -- MIT Technology Review, May/June 1997.
“Short Pulses Show Promise for Treating Pollution” -- The Ballistic Missile Defense
Organization Update, Spg 97.
“BMDO R&D May Help Meet Clean Air Standards” -- 1998 BMDO Technologies—Improving
the Environment.

Research articles published: (Total number generated, parts or completely from ONR funding):
25

3 most significant archive publications, book/book chapters, patents:

“Energy efficient plasma processing of gaseous emission using short pulses, ” V. Puchkarev and
M. Gundersen, Appl. Phys. Lett. 71 (23), 3364 (1997).

“Plasma processing of diesel exhaust by pulsed corona discharge,” V. Puchkarev, G. Roth, and
M. Gundersen, Proceed. 1998 SAE International Fall Fuels and Lubricants Meeting, San
Francisco, CA, October 19-22, 1998.

“Laser-induced fluorescence images of NO distribution after needle-plane pulsed negative
corona discharge,” G. Roth and M. Gundersen, IEEE Trans. Plasma Sci. 27, pp28-29, (1999).

Patents: "Repetitive Power Pulse Generator With Fast Rising Pulse" (File Date: 5/3/00, USC-
2956, 06666/062001)




